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Introduction: This work reports on the development of a biodegradable dual-drug-eluting 
stent with sequential-like and sustainable drug-release of anti-platelet acetylsalicylic acid and 
anti-smooth muscle cell (SMC) proliferative paclitaxel. 

Methods: To fabricate the biodegradable stents, poly-L-lactide strips are first cut from a 
solvent-casted film. They are rolled onto the surface of a metal pin to form spiral stents. The 
stents are then consecutively covered by acetylsalicylic acid and paclitaxel-loaded polylactide- 
polyglycolide nanofibers via electrospinning. 

Results: Biodegradable stents exhibit mechanical properties that are superior to those of metal- 
lic stents. Biodegradable stents sequentially release high concentrations of acetylsalicylic acid 
and paclitaxel for more than 30 and 60 days, respectively. In vitro, the eluted drugs promote 
endothelial cell numbers on days 3 and 7, and reduce the proliferation of SMCs in weeks 2, 4, 
and 8. The stents markedly inhibit the adhesion of platelets on days 3, 7, and 14 relative to a 
non-drug-eluting stent. In vivo, the implanted stent is intact, and no stent thrombosis is observed 
in the stent-implanted vessels without the administration of daily oral acetylsalicylic acid. 
Promotion of endothelial recovery and inhibition of neointimal hyperplasia are also observed 
on the stented vessels. 

Conclusion: The work demonstrates the efficiency and safety of the biodegradable dual-drug- 
eluting stents with sequential and sustainable drug release to diseased arteries. 
Keywords: sequential-like and sustainable release, biodegradable drug-eluting stents, poly-L- 
lactide, polylactide-polyglycolide, mechanical properties 

Introduction 

The use of endoluminal metallic stents in percutaneous transluminal coronary angio- 
plasty (PTC A) has become common in the treatment of arterial stenosis. 1 Despite the 
fact that using stents reduces the rate of restenosis below that achieved using PTCA 
alone, it remains a serious problem in patients with coronary artery disease. Resteno- 
sis is characterized by the formation of neointima by the migration of proliferating 
medial vascular smooth muscle cells (SMCs) to the intima, which cause stenosis and 
constrictive remodeling. 2 Although great improvements have been made in the design 
of stents and the materials used in them, the development of in-stent restenosis is still 
an important issue associated with the use of bare-metal stents (BMS). 3 Drug-eluting 
stent (DES) reduces stent restenosis by delivering drugs directly to the site of the vessel 
injury. The drug, frequently sirolimus or paclitaxel, inhibits neointimal hyperplasia and 
reduces the incidence of restenosis in high-risk patients. 4 However, although in-stent 
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restenosis rates can be greatly reduced by the use of DES, 
the implantation of DES increases the incidence of late stent 
thrombosis, which causes non-lethal myocardial infarction 
and, thereby, a high mortality rate. 56 Stent thrombosis is 
caused by hypersensitivity to drug loading and by incom- 
plete re-endothelialization caused by the anti-proliferative 
coating of the stent struts. 7,8 Delayed re-endothelialization 
after DES deployment necessitates aggressive dual anti- 
platelet therapy, which is associated with its own set of 
complications. 9 Another potential drawback of metallic 
stents is the impairment of images obtained by multi-slice 
computed tomography (CT) and magnet resonance (MR) 
tomography. 10 

To overcome the aforementioned potential limitations, 
stents that are made of biodegradable materials that may 
dissolve or be absorbed in the body have been proposed 
as promising substitutes for metallic stents. The potential 
advantages of biodegradable stents include the reduction or 
elimination of late stent thrombosis, improved lesion imaging 
by CT or MR, facilitation of repeat surgical or percutaneous 
treatments to the same site, restoration of vasomotion, and 
freedom from side-branch obstruction by struts and from 
strut fracture-induced restenosis. 11 These polymeric stents 
initially exhibit enough radial strength to stabilize the ves- 
sel wall following implantation and to prevent mechanical 
recoil. 12 Furthermore, various drugs, such as a combination of 
anti-proliferative and anti-inflammatory drugs to accelerate 
endothelial healing, can be incorporated to improve cellular 
or functional specificity. 1314 

The Igaki-Tamai stent, which was the first absorbable 
stent to be implanted in humans, is constructed from poly-L- 
lactide (PLLA). 15 In its degradation process, the hydrolysis of 
bonds between repeating lactide units forms lactic acid, which 
enters the Krebs cycle and is metabolized to carbon dioxide 
and water. Acceptable rates of major adverse cardiac events 
and scaffold thrombosis, which are similar to those associ- 
ated with the use of BMS, and without stent recoil and vessel 
remodeling suggest the long-term safety of the Igaki-Tamai 
stent. 16 Recently, the everolimus-eluting bioabsorbable stents 
have shown clinical and imaging outcomes similar to those 
for metallic DES implantation but with the potential prob- 
lem of size-limited polymeric scaffolds and the risk of late 
stent recoil. 1719 Venkatraman et al 20 developed a bi-layered 
biodegradable spiral stent that comprised PLLA and poly-D- 
L-lactide-glycolide (PLGA), that could self-expand at 37°C. 
However, the minimum time for the full expansion of this bi- 
layered stent in an aqueous environment was approximately 
8 minutes, and the significant initial recoil of the stent with the 



reduced diameter resulted in a risk of migration or movement 
of the stent. Chen et al 21 developed a self-expandable spiral 
stent that was made of a chitosan-based film that can rapidly 
self-expand (1 50 seconds) in an aqueous medium with a shape 
memory. Despite the fact that these biodegradable stents have 
so far provided satisfactory results, most require a complex 
manufacturing process 22 or have a complex structure that may 
increase the long-term risk of stent fracture upon degrada- 
tion. An ideal stent should 1) possess sufficient strength to 
perform its mechanical function; 2) have good longitudinal 
flexibility to facilitate insertion; 3) deliver adequate drug 
concentrations to the target site to prevent restenosis via 
acceleration of re-endothelialization and inhibition of SMC 
proliferation within days and months, respectively; and 4) be 
biodegradable after serving its purpose and biocompatible so 
that the material breakdown process does not cause any tissue 
irritation. Furthermore, to prevent migration during deploy- 
ment, cardiologists prefer to be able to control the timing 
of stent expansion against the vessel during the procedure. 
A balloon-expandable DES with a simple structure is thus 
urgently sought. 

PLLA is one of the most promising biodegradable bio- 
materials and has a degradation time of over 2 years. 23 It is a 
semi-crystalline polymer with a glass transition temperature 
of 60°C-66°C. PLGA, on the other hand, is a biodegradable 
material that has been approved by the US Food and Drug 
Administration for use in the manufacture of medical devices. 
It has been extensively studied as a therapeutic delivery 
vehicle because of its biodegradability and biocompatibility. 
Both PLLA and PLGA are non-toxic and tissue compatible, 
and can be eventually reabsorbed in the vital organs. 2425 

In this work, a simple and functional balloon-expandable 
DES made of a spiral PLLA backbone with acetylsalicylic 
acid- and paclitaxel-loaded dual-layered PLGA nanofibers 
was developed and fabricated using a solvent-casting and 
electrospinning method. To fabricate the biodegradable 
stents, PLLA strips were first cut from a solvent-casted 
film. They were rolled onto the surface of a metal pin to 
form spiral stents. These stents were then covered by ace- 
tylsalicylic acid- and paclitaxel-loaded PLGA nanofibers 
by electrospinning. Scanning electron microscopy (SEM) 
was utilized to observe the surface morphology of the 
electrospun nanofibers. The sequential-like and sustainable- 
release characteristics of the drugs were determined via an in 
vitro elution method. The cell viability, the proliferation of 
eluted acetylsalicylic acid and paclitaxel, and the adhesion 
of platelets to the stents were also examined. Finally, the 
feasibility of deploying the developed stent in the abdominal 
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aorta of a rabbit model without the administration of daily 
oral acetylsalicylic acid was evaluated. 

Materials and methods 

Materials 

Acetylsalicylic acid (Bayer HealthCare, Berlin, Germany) 
and paclitaxel (T1912, M n =853.93 Da; Sigma- Aldrich Co, 
St Louis, MO, USA) were used in this study. The biode- 
gradable polymers that were used to form the backbones 
of the stents were commercially available PLLA with an 
inherent viscosity of 2.6-3.2 dl/g (Resomer L209S). Two 
forms of PLGA were used to make the nanofibers; one had a 
lactide:glycolide ratio of 50:50 (Resomer RG 503) with an 
inherent viscosity of 0.32-0.44 dl/g and the other had a 
lactide:glycolide ratio of 75:25 (Resomer RG 756S) and 
an inherent viscosity of 0.71-1.00 dl/g. All polymers were 
obtained commercially from Sigma- Aldrich Co. The solvent 
was l,l,l,3,3,3-hexafluoro-2-propanol (HFIP), which was 
also purchased from Sigma- Aldrich Co. 

Fabrication of biodegradable stents 

Figure 1 schematically depicts the manufacturing process 
for biodegradable DES. To fabricate a biodegradable stent, 
a PLLA strip with an area of 100x3 mm and a thickness of 



Dual drug-loaded biodegradable stents 

0.25 mm was first cut from a solvent-cast film. It was rolled 
onto the surface of a metal pin with a diameter of 3.5 mm 
and fixed at the two ends with tape (Figure 1A). The metal 
pin, wrapped by the strip, was placed in an isothermal water 
bath at 70°C for 10 minutes, and then in a water bath at 0°C 
for quenching (Figure IB). When the polymeric material 
cooled to a state of sufficient rigidity, which occurred when 
all of it had cooled to below the glass transition temperature 
of the polymer, a spiral PLLA stent with an internal diameter 
of 3.5 mm was formed. 

The spiral stents were tightly rolled onto another steel 
pin with a diameter of 0.95 mm, which was connected to 
a motor. They were first covered by acetylsalicylic acid- 
loaded PLGA nanofibers as the inner layer so as to favor an 
early acetylsalicylic acid release after stent implantation, 
followed by paclitaxel-loaded PLGA nanofibers as the outer 
layer via electrospinning (Figure 1). The electrospinning 
set-up in this work involved a syringe and needle with 
an internal diameter of 0.42 mm, a ground electrode, a 
metallic pin/PLLA stent that was mounted on a motor, 
a collection plate, and a high voltage supply. The needle 
was connected to the high voltage supply, which generated 
positive direct current voltages and currents of up to 35 kV 
and 4.16 mA/125 W, respectively. The rotational speed 




Figure I Steps for manufacturing newly developed stents. 

Notes: (A) A poly-L-lactide strip was first cut from a solvent-cast film and rolled onto the surface of a metal pin that was fixed at the two ends with tape. (B) The metal pin, 
wrapped with the strip, was placed in an isothermal water bath at 70°C, and then in a water bath at 0°C for quenching. (C) The electrospinning of acetylsalicylic acid-loaded 
poly-D-L-lactide-glycolide nanofibers onto the biodegradable stent. (D) The spinning of paclitaxel-loaded nanofibers onto the stent. 
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of the motor was 300 rpm. PLGA with a lactide:glycolide 
ratio of 50:50 (30 mg) and acetylsalicylic acid (5 mg) were 
dissolved into 1 mL of HFIP that contained 0.1 mL of 
contrast dye (Omnipaque, Iohexol 350 mg/mL; GE Health- 
care). Separately, PLGA with a lactide:glycolide ratio of 
75:25 (30 mg) and paclitaxel (5 mg) were dissolved into the 
same solution. The PLGA 50:50/acetylsalicylic acid solu- 
tion was first delivered and electrospun by a syringe pump 
with a volumetric flow rate of 3.6 mL/h, to yield nanofibers 
on the spiral stent. The distance between the needle tip 
and the ground electrode was 10 cm, and the positive 
voltage that was applied to the polymer solution was 
17 kV. All electrospinning experiments were conducted 
at room temperature. Then, another layer of PLGA 75:25/ 
paclitaxel nanofibers were spun. After electrospinning, 
the spiral PLLA stents were covered by both the PLGA 
50:50/acetylsalicylic acid as the inner layer (acetylsalicylic 
acid 25 |ig/mm 2 , 3,000 jig) and PLGA 75:25/paclitaxel 
nanofibers as the outer (paclitaxel, 20 |ig/mm 2 , 3,000 |ig). 
The stents were then taken off the pin. Constrained by 
the nanofibers, the PLLA stent could not regain its shape 
after it was removed from the pin. All nanofiber-mounted 
stents were placed in a vacuum oven at 40°C for 72 hours 
to evaporate off the solvent. 

To test the expandability of fabricated stents, the bio- 
degradable stent was passed over a commercial balloon 
(Maverick 3.5x20 mm; Boston Scientific, Natick, MA, USA) 
to enable it to be expanded. The stent and the balloon were 
placed inside a flexible plastic tube with an internal diameter 
of 3.5 mm to be inflated by a commercially available manual 
balloon catheter pump (Perouse Medical, France). 

Compression test 

The compression test was carried out on a LLOYD tensiom- 
eter. A 2.5 kN load cell was used, and the cross-head speed 
was 1 mm/min. The stent to be tested was compressed in 
the radial direction. Deformations under various loads were 
recorded. Three specimens of each material were tested. 

Stability of stent in phosphate buffer 

Weight variation of the biodegradable stent was monitored 
by immersing the stents in a phosphate buffer, 0.15 mol/L 
(pH 7.4), at 37°C. The samples were removed from the 
solutions, dried inside an oven for 24 hours, and weighed 
at 60 days. The weight retention (WR, %) of the stents was 
calculated as follows: 



where W 0 and W were the initial weight of the stents and the 
weight of the stents at different weeks, respectively. 

SEM observations 

After the electrospun nanofibers were coated with gold, the 
morphology was observed using an SEM (Hitachi S-3000N; 
Tokyo, Japan). The average diameter of ten randomly 
selected nanofibers and the distribution of their diameters 
were determined. 

The densities of the electrospun nanofibers were calcu- 
lated by dividing their mass by their volume. The apparent 
porosity of the nanofibrous membranes was calculated using 
the following equation: 



Pore(%) = (l-p , /p , )xl00, 

v 7 v ' membrane r polymer 7 



(2) 



WR (%) = (WAV ) xlOO, 



(1) 



where p , and p . are the densities of the nanofibrous 

' membrane r polymer 

membrane and the polymer, respectively. 

In vitro elution of acetylsalicylic acid 
and paclitaxel from stents 

An in vitro elution approach was utilized to characterize the 
release of acetylsalicylic acid and paclitaxel from the bio- 
degradable stents. A 0.15 mol/L phosphate buffer (pH 7.4) 
was used as the dissolution medium. The stents were 
placed in glass test tubes with 1 mL of phosphate buffer. 
All tubes were incubated at 37°C. The dissolution medium 
was collected at 24-hour intervals. The extracted medium 
was subsequently analyzed using high-performance liquid 
chromatography (HPLC). Fresh phosphate buffer (1 mL) 
was then added. This procedure was repeated every 24 hours 
for 60 days. 

HPLC analysis 

The concentrations of acetylsalicylic acid and paclitaxel in 
the buffer in the elution studies were determined from the 
standard curves of HPLC assay for the drugs. The HPLC 
analyses were conducted on a Hitachi D-2000 Elite Deliv- 
ery System. The column that was used for separation of the 
acetylsalicylic acid and paclitaxel was a ZORBAX ODS, 
C 18 , 5 |im, 4.6x250 mm HPLC column. The mobile phase 
contained distilled water and acetonitrile (Mallinckrodt, 
St. Louis, MO, USA) (50/50, v/v). The absorbencies at 
254 nm and 227 nm for acetylsalicylic acid and paclitaxel, 
respectively, were monitored at a flow rate of 1.0 mL/min. 
All samples were assayed in triplicate, and sample dilutions 
were conducted to bring the unknown concentrations into the 
range of the assay standard curve. A calibration curve was 
plotted for each set of measurements (correlation coefficient 
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>0.99). The HPLC calibration of the standard curves for 
acetylsalicylic acid and paclitaxel with six standard concen- 
trations was performed as follows: 

Acetylsalicylic acid: Y = (X + 81,827.2)/2,132.3 R = 0.9924 (3) 
Paclitaxel: Y = (X + 156,565.7)/16,361.7 R = 0.9998 (4) 

The elution products were identified and quantified with 
high sensitivity using the HPLC system. 

Effect of drug loading on platelet adhesion 
and cell cultures 

The DES for eluents at three time points (3, 7, and 14 days) 
were tested for platelet adhesion. Blood was drawn from a 
healthy rabbit before the in vivo DES implantation and mixed 
with 3.2% sodium citrate in 1/9 volume ratio. Platelet-rich 
plasma (PRP) was obtained by centrifugation at 150 g for 
10 minutes. The blood was maintained at 22°C before the 
PRP was separated. The number of platelets in the PRP 
was 2xl0 5 cells/ jiL, determined using a semi-automated 
hematology analyzer (SYSMEX F820). Fifty microliters 
(10 7 platelets) of the platelet suspension was placed on the 
surfaces of the nanofibers at the three time points, and incu- 
bated at 37°C for 3 hours. Following incubation with PRP, 
the plates were washed three times in phosphate-buffered 
solution (PBS). The platelets that adhered to the fiber sur- 
face were mixed with 1% glutaraldehyde and immersed in 
PBS before being stood in the fixative for 60 minutes at 
4°C. The adhesion of platelets to the stents was determined 
by counting the adherent cells in the SEM images. Cells 
on the surface of the stent were counted in 20 rectangular 
fields that were selected at random. Adherent cells in these 
photographs (enlargement x 1,000, area 11,136 |im 2 ) were 
counted manually. From these data, the mean densities of 
the adherent platelets per mm 2 were calculated. 

The natural history of endothelial regrowth begins within 
the first 24 hours after arterial denudation. 26 Meanwhile, 
paclitaxel exhibits anti-proliferative properties against 
endothelial cells. Since the biodegradable stents include 
controlled-release minimum paclitaxel concentrations for 
the first 3 weeks, the influence of eluted paclitaxel on the 
proliferation of endothelial cells was examined. Endothe- 
lial cells were isolated from human umbilical cord veins 
(HUVACs) via a modified collagenase method. 27 Cells were 
grown to confluence in medium 199 that was supplemented 
with 20% fetal bovine serum (FBS) at 37°C in a humidified 
95% air/5% C0 2 incubator. Confluent cultures of endothelial 
cells at passage 3 were used in the experiments. 



The vascular SMCs multiply three to five times, account- 
ing for 90% of the ultimate intimal proliferation over the first 
2 weeks after injury. 28 Inhibition of SMC proliferation by 
paclitaxel was confirmed after 2 weeks. Rat vascular SMCs 29 
were prepared by the enzymatic digestion of the thoracic 
aortic medium from adult Sprague-Dawley rats and cultured 
in Dulbecco's Modified Eagle's Medium and supplemented 
with 10% FBS. 30 The cells used in all of the experiments were 
taken from the fourth passage and cultured on conventional 
uncoated dishes. 

The proliferative activities of cells were measured by 
5-bromo-2-deoxyuridine (BrdU) incorporation using an 
enzyme-linked immunosorbent assay (ELISA) detecting 
kit (Roche, Mannheim, Germany), following the manufac- 
turer's instructions. The cytotoxicity test was performed 
on elution products that had been treated for 24 hours and 
washed once with PBS, before 1 mL Ml 99 that contained 
0.05 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet- 
razolium bromide (MTT) was added to them. Following 
incubation at 37°C for 1 hour, the media were removed 
and formazan crystals in the cells were solubilized in 1 mL 
dimethyl sulfoxide (DMSO) to obtain an optical density (OD) 
reading at 570 nm using a spectrophotometer. 

Animal study 

A total of 20 adult male New Zealand white rabbits with an 
average weight of 3.2+0.4 kg were used in the animal study. 
They were housed in individual cages in a temperature- and 
light-controlled room and given standard rabbit chow ad 
libitum with free access to sterilized drinking water. All 
animal procedures were institutionally approved, and all of 
the studied animals were cared for under the supervision of a 
licensed veterinarian in a manner consistent with the regula- 
tions of the National Institute of Health of Taiwan. 

Rabbits were divided into two groups: group A (n=12) 
received a balloon injury followed by the deployment of 
a biodegradable DES; group B (n=8) received only a bal- 
loon injury. To perform the balloon injury, the rabbits 
were sedated and anesthetized with a muscular injection 
of xylazine (9.3 mg/kg), and with the administration of 
Zoletil 50™ (tiletamine-zolazepam 10 mg/kg) and oxygen 
(2 L/min) through a face mask. To mimic the coronary 
artery, rabbit aorta was selected for implantation in terms of 
its diameter and the patency of small arterial branches after 
stent deployment. 3132 A 6 French sheath was inserted into 
the femoral artery using the puncture technique. Briefly, the 
technique for femoral artery cannulation is the Seldinger 
technique, also known as 'catheter over wire'. The location 
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of the vessel was first determined by palpation of the arterial 
pulse. The overlying skin was prepared with chlorhexidine, 
and a small nick was made on the skin at the needle entry 
site. The femoral artery was punctured and the needle was 
advanced slowly until pulsating blood flow was achieved. 
After the guidewire was deployed, the needle over the 
wire was removed and the catheter was advanced over the 
guidewire into the vessel. The guidewire was then removed, 
leaving the catheter in place. Finally, the successful artery 
cannulation was confirmed by pulsatile blood flow from the 
catheter. 

During the procedure, the rabbits first underwent 
endothelial denudation of the descending abdominal 
aorta using a 3.5x20 mm Maverick™ balloon to cause an 
angioplasty balloon injury. The balloon was passed three 
times over a 0.014 inches guidewire to the aorta, inflated 
to nominal pressure (8 atm with 50% (v/v) contrast/saline) 
and withdrawn in a retrograde manner to the low descend- 
ing abdominal aorta. 

The biodegradable DES was deployed in 12 rabbits in the 
stented group via the guidewire and balloon. When the stents 
reached the target sites, they were expanded for 30 seconds 
(8 atm) to a diameter of 3.5 mm, yielding a stent-to- artery 
diameter ratio of 1.2:1. Acetylsalicylic acid (40 mg/day) 
was administered orally as an anticoagulant to all rabbits 
24 hours before catheterization. The drug was continuously 
administered to the rabbits in the balloon injury only group 
throughout the in-life phase of the study, whereas no drug 
was administered to the stented group. A single dose of intra- 
arterial heparin (150 IU/kg) was administered to each rabbit 
upon catheterization. 

The hemocompatibility of the implanted stent and the 
patency of the artery were evaluated using an iE33 ultrasound 
device (Philips Medical Systems, Best, the Netherlands) and 
by angiography at 3 days (from group A, n=4) and at 4 weeks 
(group A, n=8; group B, n=8). Endothelial function of the 
abdominal aorta was performed via ultrasound evaluation at 
4 weeks. 33 On day 28, marginal ear veins were cannulated for 
endothelium-dependent vasomotor function at 5-1 0 mm distal 
from non-stented reference segments and evaluated following 
the infusion of two incremental doses of acetylcholine (Ach) 
0.05 and 0.5 |ag/mL/min. Ach was delivered via an infusion 
pump (Harvard Apparatus, Holliston, MA, USA) at 1 mL/min 
for 3 minutes, with intervals of precisely 5 minutes between each 
injection. Endothelium-independent function was evaluated 
using nitroglycerine (NTG) 5 |ag/mL/min. Two-dimensional 
and color Doppler ultrasound were performed before and 
30 seconds after each drug administration. 



The anesthetized animals were then exsanguinated by a 
lethal-dose injection of lidocaine (100 mg/kg). Explanted 
vessels were flushed with lactated Ringer's solution before 
fixation. 

The vessels that were and were not treated with a stent 
were collected for microscopic observation and histological 
examination of both inflammatory and injury responses fol- 
lowing standard guidelines. 34 35 Briefly, the inflammation scale 
was 0= none; 1= mild, including minimal infiltrated inflamma- 
tory cells; 2= moderate; and 3= severe, with large clusters of 
inflammatory cells with granulomatous morphology. Vessel 
injuries were scored on the following scale: 0= strut not in 
contact with internal elastic lamina (IEL); 1= strut in contact 
with IEL and profile in neointima; 2= strut penetrates IEL with 
profile in media; 3= strut penetrates media and is in contact 
with external elastic lamina; and 4= strut is in adventitia. The 
scores of all struts were averaged to obtain the mean score 
for each of the 72 histological sections of eight stented arter- 
ies and eight balloon-injury arteries in 16 animals on day 28 
(n=16), respectively. 

Immunofluorescence 

The chemicals that were used in the assay were obtained from 
Sigma-Aldrich Co. The fluorescent dyes were purchased 
from Molecular Probes Inc. (Eugene, OR, USA). The tissue 
samples on day 28 (n=16) were embedded in optimal cut- 
ting temperature compound before they underwent frozen 
sectioning on a microtome-cryostat. To perform immuno- 
staining, frozen sections were washed in PBS and blocked 
with 2% bovine serum albumin for 30 minutes at room 
temperature. The sections were then incubated for 1 hour at 
room temperature with primary antibodies against calponin 
and diluted in blocking solution. Nuclei were visualized by 
diamidine-2-phenylindole (DAPI) staining. The experiments 
were performed in triplicate. 

Western blot analysis 

For Western blotting, immunoblotting was carried out using 
anticalponin (Dako, CA, USA), and antitubulin (Santa Cruz, 
CA, USA) antibodies as primary antibodies. Signals were 
detected using the enhanced chemiluminescence-detection 
method (Amersham, Netherlands) and quantified by densi- 
tometry. The amount of the protein of interest was expressed 
relative to the amount of tubulin. 

Statistical analysis 

All data are presented as mean ± standard deviation. 
Differences between two groups were identified by the 
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unpaired /-test. One-way analysis of variance (ANOVA) 
was used to find statistically significant differences. Within 
ANOVA, a post hoc Bonferroni method for multiple com- 
parisons was applied to detect significant differences between 
pairs. Differences were regarded as statistically significant at 
P<0.05. SPSS software (version 17.0 for Windows; SPSS 
Inc., Chicago, IL, USA) was used to analyze the data. 

Results and discussion 

In this work, biodegradable dual-drug-eluting spiral stents were 
successfully fabricated by the solvent-casting and electrospin- 
ning technique (Figure 1). Figure 2 presents the SEM of the 
electrospun drug-loaded nanofibers at a magnification x6,000. 
The diameters of the electrospun PLGA/acetylsalicylic acid 
nanofibers ranged from 530 nm to 7 1 0 nm, and the porosity of 
the nanofibrous membrane was calculated to be 75.3%±0.8%. 
The densities of the nanofibers and polymer were 0.33 and 
1 .34 g/cm 3 , respectively. The diameters of the spun PLGA/ 
paclitaxel nanofibers ranged from 690 nm to 1,210 nm, while 
the porosity of the nanofibrous membrane was found to be 
70.5%±1.4%. The densities of the nanofibers and polymer 
were 0.38 and 1.3 g/cm 3 , respectively (porosity, ,P<0.01). 

PLGA is a biodegradable and non-toxic material that 
has been extensively investigated as a therapeutic delivery 
vehicle. The presence of drugs in the PLGA nanofibers could 
increase the biocompatibility of the electrospun matrices and 
act as an excellent scaffold, promoting cell proliferation and 
growth. 36 Furthermore, nanofibers with high porosities advan- 
tageously allowed the red blood cells to pass to the branch 
vessels, minimizing the compromising of those branch ves- 
sels following the implantation of the biodegradable stents. 



Dual drug-loaded biodegradable stents 

Inflation of balloon-expandable biodegradable 
stents and mechanical strengths of stents 

Figure 3 displays the expansion of the stent inside a plastic 
tube with an internal diameter of 3.5 mm. The fabricated 
biodegradable stent was passed over a commercial balloon 
(Figure 3 A) to enable it to be expanded. During inflation of 
the balloon, the stents with the nanofibers expanded. When 
the balloon pressure reached 8 atm, the nanofibers on the 
surface of the PLLA spiral stent broke and a crevice in the 
membrane was observed in the longitudinal direction. The 
nanofibers no longer constrained the PLLA stents, which 
therefore expanded freely with the elastic recovery of the 
polymeric materials. The force exerted by the balloon also 
promoted the expansion. A spiral stent with internal and 
external diameters of 3.5 mm and 3.75 mm, respectively, 
and two layers of drug-loaded nanofibers were thus obtained. 
With the release of the balloon pressure, the stent retracted 
somewhat but remained attached to the plastic tube owing 
to the elastic recovery force of the polymers. Finally, the 
balloon was removed, leaving the stent and the nanofibers 
in situ (Figure 3B). 

The compression strengths of the stents fabricated as 
described above were measured using a tensile tester and 
compared with those of commercially available metallic 
stents (Driver 3.5 mm x20 mm; Medtronic, Minneapolis, 
MN, USA). The measurements in Figure 4 suggest that biode- 
gradable stents had higher mechanical strengths than metallic 
stents. Moreover, after being eluted in PBS for 60 days, the 
stents did not exhibit any obvious change in geometry or 
weight, perhaps because the total degradation time of PLLA 
exceeds 2 years. The degradation of PLLA after 60 days 




Figure 2 Scanning electron microscopy images of electrospun nanofibers. 

Notes: (A) Acetylsalicylic acid nanofibers with a diameter of 530-710 nm and 75.3% 

porosity (scale bar: I |um). 




'. (B) Paclitaxel-loaded nanofibers with a diameter of 690-1,210 nm and 70.5% 
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Figure 3 Balloon expansion of a biodegradable stent inside a plastic tube. 
Notes: (A) The electrospun nanofibers mounted on a spiral poly-L-lactide stent 
(3.5x20 mm). (B) During inflation of the balloon, the stents with the nanofibers 
expanded inside a plastic tube. The balloon was removed, leaving the stent and the 
nanofibers in situ (scale bar: 10 mm). 



of elution in PBS was minimal, and no obvious difference 
in diameter compared with day 0 (3.5+0.1 vs 3.4+0.1 mm, 
P=0.96) was observed between the eluted specimens. 

An earlier study reported a drop in the collapse pressure 
of PLLA stents that was greater when more of the drug 
was incorporated more than five percentage of weight. 37 To 
retain the mechanical properties of the PLLA material, the 
drug concentration should not exceed 1 wt%. The use of a 
solvent-cast PLLA backbone and electrospun nanofibers can 
increase the drug loading of biodegradable stents without 
detectably reducing their mechanical strength. 

Self-expandable stents have been developed by other 
researchers, but the expansion of these stents mainly depends 
on the elastic or shape memory of the materials from which 
they are made. 121316 Nevertheless, the shape memory of the 
stents may vary among materials, and may be degraded by 
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Figure 4 Comparison of biodegradable drug-eluting stents and metallic stents 
under compression. Biodegradable spiral stents had higher mechanical strengths 
than metallic stents. 
Abbreviation: PLLA, poly-L-lactide. 



environmental conditions. Moreover, the self-expansion pro- 
cess may require heating to a high temperature (such as 70°C) 
and take many minutes or even days. Unlike these previous 
bioabsorbable stents, the spiral PLLA stent that was developed 
in this work is balloon expandable and has excellent mechani- 
cal strength that enables it to resist the external pressure of 
the blood vessels after it is expanded using a balloon. The 
developed stent was fully expanded at relatively low pressure 
(8 atm) within a short duration (30 seconds). This pressure is 
similar to the deployment pressure that is used for metallic 
stents. 15 The recoil and change in the longitudinal dimension 
of the stents following expansion are minimal. Additionally, 
the stent delivery and deployment system uses conventional 
angioplasty balloon catheters. The use of similar deployment 
techniques as currently used in clinical practice shortens the 
learning curve, depends on familiar clinical principles and 
experience, and thereby fosters clinical acceptance. This 
would provide advantages in terms of endoluminal deploy- 
ment relative to the aforementioned stents. 

Release of acetylsalicylic acid 
and paclitaxel from PLLA stents 

The release curve of acetylsalicylic acid from drug-loaded 
stents/nanofibers, plotted in Figure 5 from the results of the 
HPLC analysis, revealed two stages of drug release: an initial 
burst and a more gradual and sustained drug release. The 
release characteristic of paclitaxel was steady and slow for the 
first 2 weeks, with a minor peak on day 10, a major peak on 
day 2 1 , and two other peaks on days 35 and 45. Whereas the 
nanofiber provided sustained release of acetylsalicylic acid 
for 30 days, it had released 50% of the loaded paclitaxel after 
60 days of elution in the PBS. The combined release curves 
of the DES/nanofibers exhibited 'sequential-like' release 
behavior: a high concentration of acetylsalicylic acid was 
released in the first few days, and then a high concentration 
of paclitaxel was released from day 10. 

In this study, the in vitro release curves of biodegradable 
stents exhibited an initially high release of acetylsalicylic acid 
during the first few days. After the electrospinning process, 
most pharmaceutics were dispersed in the bulk of the PLGA 
matrix; however, some drugs might be located on the surface 
of the nanofibers. This led to the initial burst release of acetyl- 
salicylic acid. Meanwhile, the surface PLGA/acetylsalicylic 
acid nanofibrous membrane acted as a barrier to the drugs at 
the outer nanofibrous membrane; the initial burst release of 
paclitaxel was thus reduced. Moreover, the time of peak drug 
release can be varied by adjusting the weight percentage of the 
drug in the nanofibers. 22 Following the initial burst, drug release 
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Figure 5 Effect of drug loading on rate of release by biodegradable stents. 

Notes: The combined release curves of the drug-eluting stent/nanofibers exhibited 'sequential-like' release behavior: a high concentration of acetylsalicylic acid was released 
in the first few days, and then a high concentration of paclitaxel was released from day 10. 



was controlled by osmotic pressure and polymer degradation. 
In a hydrophobic PLGA matrix, water will be taken up by the 
poorly water-soluble paclitaxel, 38 with high osmotic pressure 
through the polymer matrix, causing swelling of the drug. 
Then, the polymer matrix may break under this swelling to 
form openings for drug release. Furthermore, when the polymer 
molecular weight decreases sufficiently, loss of polymer begins. 
The drug will then be released along with this polymer loss. 
The combined effects of these two factors (osmotic pressure 
and polymer degradation) may thus lead to the daily peaks of 
release of paclitaxel from the nanofibers. Overall, this work 
demonstrates the 'sequential-like' release behavior of dual- 
layered nanofibers, which release a high concentration of 
acetylsalicylic acid in the first few days, and then sustain the 
release of a high concentration of paclitaxel after 10 days. 



Despite the fact that electrospinning may produce a 
non-uniform distribution of nanofibers on the stents, the 
experimental results demonstrated that the biodegradable 
PLLA stents herein released high concentrations of acetyl- 
salicylic acid and paclitaxel for more than 30 and 60 days, 
respectively. 

Test of adhesion of platelets to DES and responses 
of cells to these eluents 

The effectiveness of the acetylsalicylic acid that was released 
from the DES was determined by SEM observation in platelet 
adhesion tests on days 3, 7, and 14. Biodegradable stents/ 
nanofibers without drug loading were prepared as controls. 
The results in Figure 6 suggest that the released drug effec- 
tively inhibited the adhesion of platelets. Significantly fewer 
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Figure 6 Platelet adhesion test in vitro. 

Notes: Following immersion of the drug-loaded and non-loaded nanofibrous membranes in platelet-rich plasma, significantly fewer platelets adhered to the drug-loaded 
nanofibers at 3 (A I ), 7 (A2), and 1 4 (A3) days than to the non-loaded nanofibers (B I -3) on days 3, 7, and 1 4, respectively. Red arrows indicate platelet adhesion. B2 exhibits 
larger platelet aggregates and more extensive platelet pseudopod formation than B3 (scale bar: 50 |um). 
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Figure 7 Number of adherent platelets. 

Notes: Following immersion of the two groups of stents in platelet-rich plasma for 
3 hours, significantly fewer platelets adhered to the drug-loaded stents than to the 
non-drug-loaded stents on days 3, 7, and 1 4 ( # P<0.0l). 



platelets adhered to the nanofibers with drug-loaded stents 
than to those without (day 3: 451+34 vs 4,339±463/mm 2 ; 
day 7: 448+38 vs 6,544+680/mm 2 ; day 14: 455+41 vs 
10,998+727/mm 2 , all P<0.01) (Figure 7). 

Following vascular injury, platelets are implicated in the 
pathogenesis of atherothrombosis and inflammation. The 
extent of activation and adherence of platelets is higher in 
patients who have clinical events. 39 " 42 Biodegradable stents 
with combined acetylsalicylic acid and paclitaxel can prevent 
the activation of platelets and reduce the formation of platelet 
thrombus. This characteristic may underlie the protective 
effect of stenting treatment followed by subsequent local 
platelet recruitment. 43 Figures 6 and 7 reveal that significantly 
fewer platelets adhered to the drug-loaded stents, and the 
interaction of the two drugs in the stent system may have 
additively improved the adhesion of platelets. 14 

BrdU assays revealed that the eluent promoted the prolif- 
eration (,P<0.05) of HUVACs over that in the control group 
on day 3. The rate of cell growth declined with time after 
day 14 (Figure 8). The reduction of cell proliferation on days 
14 and 21 to below that of the control group and day 7 was 
significant (P<0.05). The BrdU assays from vascular SMCs 
indicated that the eluents significantly reduced the prolifera- 
tion of cells below that in the control group (,P<0.05) on days 
14, 28, and 56 (Figure 9). The MTT results also demonstrated 
comparable cell viability on days 0, 7, 14, 21, 28, 35, 42, 49, 
and 56 (ANOVA P=0.169). 

The results of the BrdU and MTT assays in this work 
verify that the biodegradable stents significantly reduce the 
proliferation of vascular SMCs with no obvious cytotoxicity 
against them. Paclitaxel, apart from being able to inhibit the 




Figure 8 Incorporation of BrdU into HUVACs was assayed by BrdU cell proliferation 
ELISA, as described in the Methods section. 

Notes: Data from BrdU assays revealed that elution on day 3 promoted the prolifera- 
tion of HUVACs over that of the control group. The reduction of cell proliferation on 
days 14 and 2 1 relative to the control group and day 7 was also significant. Each value 
(mean + standard error [n=4]) is expressed as a multiplier of the amount of BrdU 
incorporated into control cells (*P<0.05; # P<0.0l). 

Abbreviations: BrdU, 5-bromo-2-deoxyuridine; ELISA, enzyme-linked immunosor- 
bent assay; HUVACs, human umbilical cord veins. 



proliferation of SMCs, inhibits the growth of endothelial 
cells, resulting in incomplete endothelization and potential 
thrombosis of the arteries. Unlike commercially avail- 
able DES, which release high concentrations of paclitaxel 
immediately after their deployment, the biodegradable stents 
that were developed in this work released only low concen- 
trations of paclitaxel for the first few days. Their inhibition 
of the growth of endothelial cells is minimal. This fact may 
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Figure 9 Incorporation of BrdU into vascular SMCs was assayed by BrdU cell 
proliferation ELISA, as described in the Methods section. 

Notes: These BrdU assays revealed that elution reduced the proliferation of cells 
below that of the control group as detected on different days. Each value (mean ± 
standard error [n=4]) is expressed as a multiplier of the amount of BrdU incorporated 
into control cells (*P<0.05). 

Abbreviations: BrdU, 5-bromo-2-deoxyuridine; ELISA, enzyme-linked immunosor- 
bent assay; SMCs, smooth muscle cells. 
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explain the effective increase in proliferation of HUVACs 
in the first few days, and the minimization of the delayed 
endothelialization that causes acute stent thrombosis. 

In vivo animal study 

Figure 10 shows photographs of the delivery of the deployed 
biodegradable stent/nanofibers in the abdominal aorta of the 
rabbit. No migration of the implanted stent was observed 
3 days and 4 weeks following the procedure. Peripheral 
vascular ultrasound and angiography suggested that the 
stented abdominal aorta was patent in all of the test animals 
(Figure 1 1 and supplemental video ). 

Changes in the diameter of the abdominal aorta in 
response to Ach infusions were examined for endothelial 
function (Figure 12). Endothelial function was assessed fol- 
lowing 4 weeks of stenting treatment. Endothelia-dependent 
vasodilatory responses to Ach were significantly stronger 
in group A than in group B. The group A spiral stents with 
sequential-like and sustained release of acetylsalicylic acid 
exhibited a more vasodilatory response than did the groups 
treated with no stents (,P<0.01). 

Various pharmaceuticals are under investigation in 
animals and in humans for use in combination with DES 



Dual drug-loaded biodegradable stents 

to promote endothelial recovery and prevent restenosis. 
Reduced arterial endothelium-dependent vasodilation is 
a key role in the pathophysiology of in- stent restenosis. 
Endothelial dysfunction would progress atherosclerosis in 
coronary arteries in patients who have undergone percu- 
taneous coronary intervention. 44 Moreover, the recovery 
of endothelial dysfunction provides therapeutic options 
to prevent in-stent restenosis. The beneficial effects of 
endothelium-dependent vasodilation have been demonstrated 
in patients with coronary artery disease. 45 In this study, vaso- 
dilation was also increased via local controlled drug therapy. 
Therefore, improved functionality of the endothelium, as the 
major regulator of vascular homeostasis by sequential-like 
release of acetylsalicylic acid and paclitaxel, might maintain 
the above vasoprotective effects. 

Paclitaxel has been proven to be clinically effective in 
inhibiting arterial SMC proliferation and migration and in 
preventing the formation of neointima following stenting. 46 47 
However, stent thrombosis remains a serious complication 
following either BMS or DES treatment, and its occurrence is 
associated with 40%-50% mortality and a composite death/ 
myocardial infarction rate of 50%-70%. 48,49 Stent thrombosis 
has been shown to be a multileveled process in which the 





Figure 10 The delivery of the developed stent in the descending abdominal aorta of the rabbit. 

Notes: (A) Photographs of stent on X-ray film. (B and C) A balloon was used to deliver biodegradable stents into the rabbit abdominal aorta. (D) No migration of the 
implanted stent was observed after deployment and dye injection (scale bar: 10 mm). Arrows indicate stent site. 
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Figure I I No migration of the implanted stent (arrows) was observed at 3 days and 4 weeks following the procedure, and the stented abdominal aorta was patent for all 
test animals based on the peripheral vascular ultrasound study (see su pplemental video ). 



vasculoprotective reserve is overcome by prothrombotic 
factors. 50 The release of a high concentration of acetylsalicylic 
acid from drug-loaded biodegradable stents after deployment 
may thus solve the problem of incomplete endothelization 
by preventing the adhesion of activated platelets and the 
associated stent thrombosis. However, the sustained release 
of paclitaxel from the biodegradable drug-eluting PLLA 




Ach 0.05 mcg/mL/minute 



Ach 0.5 mcg/mL/minute 



Figure 1 2 In vivo assessment of endothelial function in rabbits. 
Notes: Change in diameter of abdominal aorta in response to acetylcholine 
infusions. Endothelial function was evaluated after 4 weeks of stenting treatment. 
Endothelial-dependent vasodilatory response to Ach was maintained in drug-loaded 
stenting for a significantly greater period than in balloon-injury aorta (*P<0.0l). 
Abbreviation: Ach, acetylcholine. 



stents should be able to control or reduce the growth and 
migration of SMCs and also prevent inflammatory responses, 
which are the dominant causes of neointimal proliferation 
and in-stent restenosis. 51 The sequential-like release of ace- 
tylsalicylic acid and paclitaxel from the biodegradable stents 
may therefore provide an ideal solution to the prevention of 
arterial thrombus and restenosis. 

Following incision of the aorta, the implanted stent was 
found to be intact. Furthermore, the photomicrographs of 
the cross-sections showed that no thrombus was formed in 
the stent-implanted vessel (Figure 13). These results dem- 
onstrate the feasibility of the deployment of the developed 
biodegradable stent in an artery using a 6 French sheath. 
Additionally, the vessel segments from treated animals had 
endothelial injury comparable with other vessel areas on 
day 3 (Figure 13). Moreover, by day 28, group A exhibited 
reconstituted anatomically intact endothelium without 
significant intimal hyperplasia, but group B exhibited con- 
sistent intimal hyperplasia, with a thickness of approximately 
75 urn (Figure 14). 

The spiral stent also demonstrated its potential to inhibit 
thrombus formation following intervention, even without 
administration of oral acetylsalicylic acid. Otherwise, 
no difference in the inflammatory and injury responses 
was observed between animals in the balloon-injury-only 
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Figure 1 3 Photomicrographs of cross-sections showing the condition of the stent on the vessel lumen three days following balloon angioplasty and stent deployment. 
Notes: Segment of vessel of a treated animal shows a characteristic fragment of a spiral stent, wide vessel lumen without thrombus formation and non-significant stenosis 
without a lumen reduction of greater than 50% (A I, and Bl, 40x) (scale bar: 250 mm). Additionally, segment of vessel of a treated animal has greater endothelial injury 
(asterisk) comparing with other vessel area (single arrow) (A2, and B2, lOOx) (scale bar: 100 mm). 




Figure 1 4 Photomicrographs of representative rabbit vessel sections 28 days after intervention. 

Notes: Four-week high-power photomicrographs (hematoxylin-eosin staining, x200) of pathology of groups A and B were shown. Inflammation response was low in stent 
groups (A). By day 28, an anatomically intact endothelium had been re-constituted in group A (almost no intimal hyperplasia), and groups (B) exhibited consistent intimal 
hyperplasia with a thickness of approximately 100 (im. A single arrow represents the endothelial cells, and asterisk indicates the inflammatory cells surrounding the stent 
struts. Scale bar: 50 mm. # indicates the stent strut area. 
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group (control) and those in the biodegradable stent group 
(0.54+0.10 vs 0.58+0.11) (P=0.79). Vascular injury scores 
were also comparable between the two groups at week 4 
(1.69+0.23 vs 1.68+0.24) (P=0.84). No toxic or allergic side 
effects were noted in any animal at any time in the study. 

Local delivery of drugs is preferred to systematic therapy 
as a treatment of restenosis, mainly because of the systemic 
side effects that are associated with the anti-restenotic com- 
pounds used. In this work, PLGA was used in the electrospin- 
ning of acetylsalicylic acid- and paclitaxel-loaded nanofibers 
onto the surface of spiral PLLA stents to provide local drug 
delivery. Various polymeric materials have been utilized for 
this purpose, based on their capacity to provide the sustained 
release of pharmaceuticals. The PLGA form depends on 
the lactide:glycolide ratio used in the polymerization. The 
copolymer with a 50:50 lactide:glycolide ratio degrades 
faster than that with a 75:25 ratio. The use of PLGA with 
different lactide:glycolide ratios allows the release rates of 
various pharmaceuticals to be controlled. 

Additionally, the use of dual-layer electrospinning 
enables the formation of nanofibers that released different 
drugs sequentially. These nanofibers eliminate the risk of tox- 
icity that is associated with paclitaxel and offer the advantage 
of sustained drug release for cardiovascular applications. 
According to Figure 14, an anatomically intact endothelium 
was reconstituted in the treatment group, and no obvious 
adverse result was noted during the 28-day period. Hence, 

Autofluorescence Nuclei 



the risk of vessel blockage by PLLA degradation may have 
been minimal in the following months. 

Detection of calponin after 4 weeks 
of response to injury 

Immunofluorescent labeling of calponin, a vascular SMC 
differentiation marker, was observed on stented arteries by 
confocal fluorescence microscopy. The specimens were also 
co-stained with DAPI to reveal cell nuclei. Additionally, 
these changes in the degree of calponin could be quanti- 
tatively documented by Western blot analysis (samples of 
non-injured rabbit aorta were used as controls). 

In all samples, less calponin-positive labeling at the tunica 
media of the aorta was observed on balloon-injury vessels than 
those on the drug-eluting spiral stented vessels (Figure 15). 
Furthermore, marked neointima formation was found due to 
proliferation of SMCs in the media giving rise to the appear- 
ance of fused intima and media in the 'no stenting' groups 
(Figure 1 5B). The level of calponin observed via Western blot 
analysis in the control and spiral stent groups was higher than 
in the balloon-injury group (Figure 16) (post hoc ,P<0.05). 

Based on functional molecular determinants, vascular 
SMCs can be divided into contractile or proliferative types. 52 
The proliferative vascular SMCs, which are negative for 
calponin, contribute to the progression of atherosclerosis 
and the formation of neointimal hyperplasia after vascular 
injury. 53 Therefore, the dual-drug-eluting stent may block 
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Figure I 5 Immunofluorescence of calponin on stented arteries after 4 weeks. 

Notes: Calponin immunostaining (red) of (A) a drug-eluting spiral stent and (B) balloon-injury artery. Autofluorescence on tunica media (green) and DAPI-stained nuclei are 
also shown. A high degree of positive labeling with calponin was observed on the drug-loaded spiral stent vessels. The double arrow depicts tunica media. Group B showed 
that marked neointimal hyperplasia resulted from proliferation of smooth muscle cells. 
Abbreviation: DAPI, diamidine-2-phenylindole. 
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Figure 1 6 Quantitative analysis of calponin content of arteries on day 28. 
Notes: Drug-eluting spiral stent and control groups had significantly higher calponin 
levels than did the balloon-injury group (*post hoc P<0.05). 

atherosclerosis and restenosis by modulating the phenotype 
change of vascular SMCs. 

In summary, sequential-like and sustained release of 
acetylsalicylic acid and paclitaxel from novel biodegrad- 
able spiral stents provided vessel patency and inhibited stent 
thrombosis after balloon injury, even without the adminis- 
tration of daily oral acetylsalicylic acid. The present study 
provides evidence that the release of drugs from spiral stents 
promotes endothelial cells and vascular SMC differentia- 
tion in vivo as indicated by a high expression of contractile 
proteins. Histopathological evaluation also demonstrated the 
biocompatibility and safety of the developed stents, suggest- 
ing that the biodegradable dual-drug-eluting stents can be an 
ideal candidate for various cardiovascular applications. Since 
investigations of the long-term functionality of the proposed 
stent are required, further experimental studies in larger ani- 
mal models will be needed to evaluate the benefits and risks 
of using biodegradable DES in diseased arteries. 

Conclusion 

This work developed balloon-expandable biodegradable 
drug-eluting spiral stents that performed the sustained and 
sequential-like release of anti-platelet acetylsalicylic acid and 
anti-proliferative paclitaxel. Biodegradable DES show better 
mechanical properties than metallic stents. HPLC analysis 
revealed that biodegradable stents sequentially released high 
concentrations of acetylsalicylic acid and paclitaxel for more 
than 30 and 60 days, respectively. The results of the cell 



culture indicated that the eluted drug promoted endothelial 
cell proliferation on days 3 and 7, and reduced SMC prolifera- 
tion in weeks 2, 4, and 8, relative to the control groups. More- 
over, the stent significantly inhibited the adhesion of platelets 
on days 3, 7, and 14. In the animal study, the implanted stent 
was intact, and no thrombus formation was observed in the 
stent-implanted vessel. Furthermore, in vivo histopatho- 
logical assessment also demonstrated the biocompatibility 
and safety of the stent on diseased arteries. Promotion of 
endothelial recovery and inhibition of neointimal hyperplasia 
were demonstrated in the stented rabbits. Solvent-casting 
and electrospinning techniques will enable the fabrication of 
biodegradable DES of various sizes that provide drug release 
for the treatment of various cardiovascular diseases. 
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Supplementary materials 

See the supplemental video . No migration of the implanted for all test animals based on the peripheral vascular ultra- 
stent (arrow) was observed 3 days and 4 weeks after the sound study, 
procedure, and the stented abdominal aorta was patent 



International Journal of Nanomedicine 



Publish your work in this journal 

The International Journal of Nanomedicine is an international, peer- Journal Citation Reports/Science Edition, EMBase, Scopus and the 

reviewed journal focusing on the application of nanotechnology Elsevier Bibliographic databases. The manuscript management system 

in diagnostics, therapeutics, and drug delivery systems throughout is completely online and includes a very quick and fair peer-review 

the biomedical field. This journal is indexed on PubMed Central, system, which is all easy to use. Visit http://www.dovepress.com/ 

MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, testimonials.php to read real quotes from published authors. 




Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal 



International Journal of Nanomedicine 2014:9 



submit your manuscript 



.dovepress.com 



4133 



Dovepress 



